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TRANSMISSION OF CONCENTRATED STRESSES 
TO A THIN WALLED SHELL 

V. I. Feodos'yev and S. M. Chernyakov 

ABSTRACT. The t ransmiss ion  of stresses t o  a thin-wal led 
s h e l l  over a l i m i t e d  con tac t  reg ion  i s  s tud ied .  It i s  
shown t h a t  when t h e  s h e l l  i s  completely f r e e  from r a d i a l  
stresses on t h e  s i d e  of t h e  i n s e r t ,  b u t  clamping i s  r e t a i n -  
ed,  t he  va lues  of t h e  r a d i a l  f o r c e  are decreased by approx- 
imately a f a c t o r  of two. 

The f o r c e  diagrams f o r  many s t r u c t u r e s  inc lude  t h e  t ransmiss ion  of 
stresses t o  a thin-walled s h e l l  over a l imi t ed  con tac t  region.  

N a t u r a l l y ,  i n  t h i s  case i t  i s  necessary t o  t ake  measures t o  s t r eng then  
t h e  s t r u c t u r e .  The placement of r i b s  o r  longerons i s  n o t  always poss ib l e ,  
and i t  is f r equen t ly  necessary t o  s a t i s f y  t h e  requirements only by l o c a l  
s t r eng then ing  of t h e  s h e l l ,  which makes poss ib l e  more uniform d i s t r i b u t i o n  
of stresses . 

The ques t ion  arises regarding t h e  establ ishment  of an  approach t o  t h e  
design of such j o i n t s .  

Many i n v e s t i g a t i o n s  have been conducted, t h e  r e s u l t s  of which g ive  us a 
clear concept  of t h e  l a w s  governing t h e  d i s t r i b u t i o n  of stresses i n  t h e  zone 
of a c t i o n  of t h e  concent ra ted  load  appl ied  t o  a s h e l l .  These i n v e s t i g a t i o n s  
have been p r i n c i p a l l y  concerned wi th  t h e  de te rmina t ion  of t h e  l o c a l  stresses 
i n  t h e  r eg ion  of a p e r t u r e s  o r  r i g i d  i n s e r t s  i n t o  t h e  body of t h e  s h e l l .  

However, f o r  p l a s t i c  materials t h e  f a t i g u e  l i f e  f o r  t h e  s t r u c t u r e  under 
l o c a l i z e d  loading  w a s  gene ra l ly  not  determined. 
t h e  c r i t e r i o n  by which one can design such s t r u c t u r a l  j o i n t s .  
r e l a t i v e l y  l a r g e  loads  and s i g n i f i c a n t  loca l  p l a s t i c  deformations t h e  s t r u c t u r e  
does n o t  l o s e  i t s  load-carrying p rope r t i e s  and completely s a t i s f i e s  t h e  
requirements .  

The s t r e s s e d  s ta te  i s  n o t  
Even a t  

This  work i s  concerned wi th  t h e  s o l u t i o n  of an example from a class of 
This  such problems, ob ta ined  i n  the  course of designing a real s t r u c t u r e .  

s o l u t i o n  shows the  recommended approach t o  t h e  problem and t h e  method of 
a n a l y s i s .  

L e t  us  cons ider  a t h i n  wal led s p h e r i c a l  s h e l l ,  sub jec t ed  t o  stress by a 
uniform i n t e r n a l  p re s su re  p and r a d i a l  f o r c e  P a t  t h e  c e n t e r  of a c i r c u l a r  
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f l a n g e  (Figure l a ) .  The f l ange  (Figure lb )  c o n s i s t s  of a r i g i d  c o r e  wi th  
r ad ius  r and a s e c t i o n  r < r < r The v a r i a b l e  th ickness  of t h i s  l a t t e r  0 0 1' 
s e c t i o n  promotes more uniform d i s t r i b u t i o n  of fo rces .  
s h e l l  are cons t ruc ted  of aluminum-magnesium a l l o y s .  
t h e  a l l o y  i s  shown i n  Figure 2.  

Both t h e  f l a n g e  and t h e  
The stress diagram f o r  

F igure  2 

Figure  1 

The occurrence of p l a s t i c  deformation i n  t h e  s h e l l  does n o t  produce q u a l i t a -  
t ive  changes i n  the  behavior  of t h e  system. 
s t r e s s e d  s ta te  of t h e  s h e l l  f o r  design purposes is  n o t  as va luab le  as is  
f r e q u e n t l y  a sc r ibed  t o  t h i s  opera t ion .  
from a d i f f e r e n t  s tandpoin t .  

Therefore ,  t h e  eva lua t ion  of t h e  

L e t  us a t tempt  t o  view t h i s  problem 

The " fo rce  displacement" diagram f o r  t h e  s h e l l  had t h e  shape of one of /58 
t h e  curves  which are shown i n  F igure  3 .  Depending on the  geometric r e l a t i o n -  
s h i p s  t h e  shape of t h e  diagram may change. I n  some cases t h e  curve (1) has  a 
maximum, wh i l e  i n  o t h e r s  i t  ( 2 , 3 )  has a monotonic cha rac t e r  bu t  a t  some va lue  
of  f o r c e  t h e  rate of i nc rease  of t h e  displacement i s  r ap id ly  acce le ra t ed .  
Due t o  t h e  h igh  p l a s t i c  p r o p e r t i e s  t h e  s h e l l  is  no t  ruptured ,  and i t s  shape 
may va ry  wi thout  t h e  d i s r u p t i o n  wi th in  extremely broad l i m i t s .  
i s  a c h a r a c t e r i s t i c  of t h e  s t r u c t u r e .  It desc r ibes  t h e  behavior  of t h e  s t r u c t u r e  
from t h e  beginning of  loading t o  some l i m i t .  
such a diagram can dec ide  where he must s top  and t o  what l i m i t  a given s t r u c t u r e  
can be  loaded. 
p e r m i s s i b l e  stresses. I n  the  la t ter  case,  however, t h e  stress is  determined 
n o t  from t h e  shape of t h e  s t r u c t u r a l  c h a r a c t e r i s t i c s ,  bu t  from t h e  test  
diagram of t h e  material. 

The P-A diagram 

The des igner  who makes use  of 

Such an approach is  completely analogous t o  t h e  design f o r  

2 



1 .  

I n  the  proposed approach one may 
in t roduce  a reserve c o e f f i c i e n t ,  P, 
f o r  which i t  i s  necessary t o  dec ide  a 
p r i o r i  on a c e r t a i n  c h a r a c t e r i s t i c  
l i m i t i n g  p o i n t  on t h e  P-A curve.  It is  
genera l ly  convenient t o  t ake  f o r  such a 

which corresponds t o  a r ap id  i n c r e a s e  of 
displacement . 

G I--- ,*Ip::: 
4 [ , 7 # -  

A poin t  e i t h e r  the maximum p o i n t ,  o r  a p o i n t  

/ 
7 

: I  
I ir3 Such an approach n a t u r a l l y  permits  

one i f  necessary ,  t o  t ake  i n t o  considera- 
t i o n  t h e  magnitude of stresses which 
occur i n  t h e  s h e l l  i n  t h e  course  of 

P-A diagrams is  n a t u r a l l y  more compli- 
F igure  3 loading. The problem of cons t ruc t ing  

ca ted  i n  t h e  case of l a r g e  displacements and p l a s t i c  deformations.  
d i f f i c u l t i e s  can be overcome by means of t h e  s t e p  method [ l ] .  
i n  c o n t r a s t  t o  t h e  work descr ibed i n  [l], the independent parameter i s  t h e  
displacement of a p o i n t ,  a t  which the  appl ied stress i s  taken as t h e  independent 
parameter r a t h e r  than  t h e  t i m e ,  t .  

of t h e  s h e l l  i n  a v e r t i c a l  d i r e c t i o n  downward (along t h e  d i r e c t i o n  of t h e  f o r c e  
P) and along t h e  h o r i z o n t a l  plane r e spec t ive ly .  The ang le  of r o t a t i o n  of t h e  
normal is  denoted through 8 . A t  a d i s t a n c e  z = uh from t h e  i n n e r  s u r f a c e  
of t h e  s h e l l  w e  s h a l l  have 

These 
Here, however, 

1. L e t  w and u denote  t h e  displacements of p o i n t s  of t h e  i n n e r  s u r f a c e  

where E and E~ are deformations i n  the inne r  su r face ;  h x  and hx 

are dimensionless  changes of curva ture ;  

ht  
changes is taken t o  be l i n e a r  (Figure lb ) .  

1 
h 

is t h e  v a r i a b l e  th ickness  of t h e  f lange,  f o r  which t h e  equat ion  desc r ib ing  
is the  th ickness  of t h e  s h e l l  and 

From t h e  geometr ic  r e l a t i o n s h i p  i t  fol lows t h a t  

h s i n ( 0 f  6) h U  
[ s i n e  

ILxz = 

3 



(1.3) 
cont  ' d 

The i n t e n s i t y  of t h e  deformed s t a t e  E i n  p o i n t s ,  l oca t ed  a t  a d i s t a n c e  /59 i 
z from t h e  i n n e r  s u r f a c e  s h a l l  be 

L e t  us assume f o r  t h e  e las t ic  zone, j u s t  as f o r  t h e  p l a s t i c  zone, t h a t  
1-1 = 0.5, and l e t  us approximate the  s t r e t c h i n g  -- compression diagram by t h e  
fol lowing r e l a t i o n s h i p :  

where A ,  B, C and D are dimensionless cons tan ts ,  s e l e c t e d  from the  shape of 
t h e  diagram (along t h e  coord ina tes  of po in t s  A and T i n  F igure  2 ) .  

Subsequently w e  s h a l l  no t  take  i n t o  account t h e  p o s s i b i l i t y  of t h e  
occurrence of t h e  r e l i e f  zones, i .e . ,  the  material i s  viewed as non l inea r ly  
e las t ic .  

2 .  L e t  

Here Wo, W2,  ...; Uo, u1 ... are some s p e c i a l l y  s e l e c t e d  func t ionsof  t h e  

ang le  8 ,  

of change of t h e  load.  

and Ao, A2, ...; Bo, B1 ... are parameters which vary i n  t h e  course 

of the parameters 
From t h e  second and t h e  las t  expressions i n  equat ion  (1.3), independent,( 

Ao, A2, ...; Bo, B1, e . . ,  we have 

U = 0, W' cos 8, - U' sin 8, = 0 (when e = e,) (2.2) 

A t  s u f f i c i e n t l y  l a r g e  ang le  0 func t ions  W and U must assume t h e  form 
which i s  c h a r a c t e r i s t i c  of t h e  momentless s ta te  of t h e  s h e l l ,  loaded by a f o r c e  
a t  t h e  p o l e  and by t h e  i n t e r n a l  pressure.  

The c o n s t r u c t i o n  of a system of func t ions  W o, W2, ...; Uo, U1, ..., which 

would s a t i s f y  t h e s e  condi t ions ,  p re sen t s  some d i f f i c u l t i e s .  

Experience shows t h a t  t h e  shape of the inden ta t ion  changes s i g n i f i c a n t l y  
w i t h  i n c r e a s e  of s ag  and pene t r a t ion  of t h e  p l a s t i c  deformation reg ion .  It 
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I .  

remains, however, a x i a l l y  symmetrical. In  choosing func t ions  i t  is necessary  
t o  t ake  i n t o  account t h e  parameters of the "feather" ,  i.e., t h e  t r a n s i t i o n  
s e c t i o n  wi th  v a r i a b l e  th ickness  of t he  wal l  h,. It i s  t h e  dimensions of t h i s  

very s e c t i o n  which determine how e f f e c t i v e  t h e  j o i n t  i s  and how smoothly t h e  
stresses are r e d i s t r i b u t e d .  

The p r i n c i p a l  func t ions  i n  t h e  express ion  (2.1) are W and Uo. They 
0 

are determined by a l i n e a r  s o l u t i o n  of t h e  loading  f o r c e  P wi thout  t h e  
p re s su re  p f o r  t h e  s h e l l .  

The de termina t ion  of t h e s e  func t ions  w i t h  modern computer technology 
does n o t  p re sen t  any g r e a t  d i f f i c u l t i e s .  
w i th  v a r i a b l e  w a l l  th ickness  Meisner equat ions are i n t e g r a t e d  numerical ly .  

For  t h e  a x i a l l y  symmetrical s h e l l  

The i n t e g r a t i o n  i s  c a r r i e d  from 8 = eo t o  some randomly taken va lue  

8 = Bk, where t h e  shape of t h e  inden ta t ion ,  on t h e  b a s i s  of c o n t i n u i t y  

condi t ions ,  merges wi th  t h e  momentless state zone. With two boundary 
condi t ions  a t  8 = eo t h e  s o l u t i o n  is  reduced t o  t h e  success ive  process  

of s ea rch  f o r  two o t h e r  parameters ,  t h e  magnitude of which would i n s u r e  t h e  
adherence t o  t h e  ass igned  condi t ions  when 8 = ek. It i s  d e s i r a b l e  t o  t ake  

t h e  ang le  as s m a l l  as poss ib l e ,  i n  order  t o  sho r t en  the  c a l c u l a t i o n  t i m e .  

A t  t h e  same t i m e  i t  must be  s u f f i c i e n t l y  l a r g e  i n  o rde r  t o  permit  j o i n i n g  of 
t h e  two p a r t s  of t h e  s h e l l  when e = e on t h e  b a s i s  of s i m p l i f i e d  equat ions  k 
of t h e  edge e f f e c t .  The choice of 8 i s  conducted on t h e  b a s i s  of an  

approximate eva lua t ion  of t h e  rate of a t t e n u a t i o n  of t h e  moment s t a t e  f o r  t h e  
ass igned  va lue  of h/R. 

func t ions  W and Uo then t h e  angle  Bk w a s  taken s u f f i c i e n t l y  l a r g e .  I f  

func t ions  Wo and U change s i g n i f i c a n t l y  then  t h e  ang le  8 should b e  en- 

l a rged .  This  ope ra t ion  may be  d i r e c t l y  programmed i n t o  a computer, b u t  i t  i s  
n o t  mandatory. 
e las t ic  s u r f a c e  has  been found, t h e  func t ions  W and U and t h e i r  d e r i v a t i v e s  

are normalized,  Thei r  scales are a t  the  s a m e  t i m e  changed i n  order  f o r  W t o  

be equa l  t o  u n i t y  a t  8 = e Therefore,  t h e  magnitude of f o r c e  P ,  e n t e r i n g  

t h e  Meisner equat ion  i n  t h e  course  of cons t ruc t ion  of t h e s e  func t ions  could 
be  taken randomly. 

O k  

k 

If t h e  i n c r e a s e  of Bk does n o t  lead  t o  change of 

0 

0 k 
/60 

When t h e  approximation has been made and t h e  shape of t h e  

0 0 

0 

0' 

Using t h e  same subprogram t h e  second i n t e g r a t i o n  of t h e  Meisner equat ion  
i s  conducted, b u t  i n  t h i s  case a t  P = 0 and some va lue  of p,  which i s  
in t roduced  i n t o  t h e  c a l c u l a t i o n  i n  a dimensionless form. Thus, func t ions  W 

P 
and U are  found. The determined func t ions  Wo, Uo, W and U as w e l l  as 

t h e i r  f i r s t  and second d e r i v a t i v e s  a r e  introduced i n t o  t h e  o p e r a t i o n a l  memory 
of t h e  computer. 

P P P' 

For t h i s  purpose a number of p o i n t s  are taken w i t h i n  t h e  

5 
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l i m i t s  of i nden ta t ion ,  i .e. ,  w i t h i n  the  l i m i t s  of angle  

of which func t ions  and d e r i v a t i v e s  are wr i t t en .  I n  our  c a l c u l a t i o n s  64 such 
p o i n t s  were taken. 

Ok - eo, f o r  each 

The forms of func t ions  W Uo, W and U are shown i n  F igure  4. 

A s  an i l l u s t r a t i o n  w e  g ive  so* values  of t hese  func t ions  f o r  d i f f e r e n t  

= 4'30' when p = 0 (Wo, Uo) 

0' P P 

va lues  of ang le  e f o r  t he  s h e l l  wi th  a r i g i d  f l ange  (without  a f ea the red  
edge) and parameters R = 280 nun, h = 1.3  nun, 8 0 
and p = 3.3 kg/cm2 (W p Y  Up' : 

e = 4030' 7O15' 10" 12'45' 18' 15 29'15' 45'45' 

wo = 1 .0  0.5576 0.1388 0.0060 0.0062 0.0080 0.0007 

uo = 0 0.0259 0.0662 0.0743 0.0507 0.0304 0.0207 ~ 

W = - 0.0322 0.0416 - 0.0505 - 0.0528 - 0.0518 - 0.0469 - 0.0374 

u = o  
P 

P 
0.0264 0.0387 0.0047 0.0089 0.0121 0.0170 

The a u x i l i a r y  func t ions  W 2 ¶  W 4 ,  U1, U and U 3 5 i n  t h e  express ion  (2.1) were 
taken i n  t h e  form 

n -k(O-Q,). TITn = U, = (8 -0,) e 

The q u a n t i t y  k w a s  n o t  v a r i e d  
although i t  s h a l l  be shown la ter ,  t h a t  w p .  

3 w t h i s  could have been done. 

As t h e  f i r s t  approximation w e  

4 

1/%(1- p2) . 

take 

Subsequently sa t  i s  f a c t o r y  agree- 
ment of c a l c u l a t i o n s  w a s  found wi th  t h e  
prel iminary experiments;  t h e r e f o r e  t h e  
previously taken va lue  f o r  k w a s  re- 
ta ined .  

1.0 # O f  

Figure  4 

L e t  u s  now consider  t h e  express ions  
f o r  W and U ( 2 . 1 )  as a whole. 

Since W = 1 and W2 = W4 = 0 when 0 
8 = eo, t h e  parameter A 

displacement X = A h under t h e  in -  

provides  t h e  0 

0 

6 



I .  .. 

f luence  of t h e  p re s su re  P f o r  the  s h e l l ,  p re s su r i zed  beforehand wi th  
p re s su re  p. A l l  of t h e  func t ions  Uo, U1, ... become ze ro  when 8 = e 
Consequently, t h e  condi t ion  U = 0 on t h e  inne r  s u r f a c e  i s  f u l f i l l e d  a t  any 

0' 

va lues  of parameters A 0'  BO' B1' * * *  

The condi t ion  ( 2 . 2 )  i s  f u l f i l l e d  i f  

Thus, parameters Bo and B are i n t e r r e l a t e d .  1 

3. The express ion  f o r  t h e  t o t a l  p o t e n t i a l  energy of t h e  system has t h e  
fo l lowing  form: 

e .  

Here R i s  the  volume of t h e  deformed s e c t i o n  of t h e  s h e l l ,  V is  the  /61  
volume of t h e  inne r  reg ion  of t h e  vessel a n d s a t  

less form. The express ion  (3.1) i s  transformed f i n a l l y  t o  t h e  form 

is  t h e  energy i n  a dimension- '0 

The parameter B is no t  included i n t o  t h i s  express ion ,  s i n c e  i t  is r e l a t e d  1 
t o  Bo by t h e  equat ion ( 2 . 3 ) .  I n  t h e  equi l ibr ium p o s i t i o n  

6 3  = 0 ( 3 . 3 )  

The e q u a l i t y  ( 3 . 3 )  is f u l f i l l e d  wi th  s imultaneous conversion of p a r t i a l  
d e r i v a t i v e s  t o  zero 

which af ter  t ransformat ion  may be  w r i t t e n  i n  t h e  dimensionless  form 

P PR Po = - Bh Po= - 2nEHh ' 

The n o t a t i o n  a / a (  ) des igna tes  d i f f e r e n t i a t i o n s  wi th  r e s p e c t  t o  one of t h e  
n 

v a r i a b l e  parameters .  L e t  

7 



I .  f .  

During the  i n t e g r a t i o n  of t h e  energy of t h e  s h e l l  i t  is  s p l i t  i n t o  two 
p a r t s :  8 6 8 6 8 and Ok 6 0 6 1 / 2 1 ~ .  I n  t h e  f i r s t  s e c t i o n  t h e  s ta te  has  

moments wh i l e  i n  t h e  second case i t  is  momentless. A l l  of t h e  deformation 
processes  of t h e  s h e l l  dur ing  t h e  change of t h e  p re s su re  are developed 
p r imar i ly  w i t h i n  the  l i m i t s  of t h e  loca l i zed  inden ta t ion  zone, and tak ing  
i n t o  account t h e  energy component of t he  second s e c t i o n ,  as w a s  shown i n  a 
number of c a l c u l a t i o n s ,  t h i s  has  p r a c t i c a l l y  no e f f e c t  on t h e  f i n a l  r e s u l t s .  

0 k 

p 

L e t  us cons ider  s e p a r a t e l y  the expression F 

From ( 3 . 4 )  w e  have 

= 3Ao/aA0*  0 

( 3 . 5 )  

When n # 0 t h e  c o e f f i c i e n t  a t  Po (3.4) t u rns  t o  zero.  Therefore  the  

p re s su re ,  Po, does no t  e n t e r  i n t o  t h e  remaining equat ion  ( 3 . 4 )  i n  t h e  

e x p l i c i t  f o m .  

F i n a l l y  w e  have a system of f i v e  nonl inear  equat ions 

t h e  s o l u t i o n  of which is p r a c t i c a l l y  un rea l i zab le  as a r e s u l t  of t he  immensity 
of t h e  in t e rmed ia t e  r e l a t i o n s h i p s  and mul t ip l e  so lu t ions .  

I n  o r d e r  t o  avoid t h e  m u l t i p l e  s o l u t i o n s  i t  i s  necessary t o  t ake  i n t o  
account  t h e  h i s t o r y  of s t r e s s i n g ,  f i r s t  the  s h e l l  is  pressur ized ,  and then 
t h e  c e n t e r  X = A h i s  s lowly d isp laced .  

0 

0 

The parameter A can be viewed as the  "calendar" parameter f o r  a given 

h i s t o r y  and t h e  c a l c u l a t i o n  is conducted i n  s t e p s .  

4 .  L e t  us c o n s t r u c t  an  algori thm f o r  t h e  s t e p  method. We s h a l l  rewrite 
t h e  system of  equat ions  ( 3 . 6 )  i n  t h e  following form: - 162 

8 



.. 

Subsequently, w e  go s tepwise,  s e t t i n g  a l l  parameters A 0’ A2’ * * * ,  BO’ * . *  
p r i o r  t o  t h e  f i r s t  s t e p  equal  t o  zero.  

1’ 
The sequence of opera t ions  i s  reduced t o  t h e  c a l c u l a t i o n  of q u a n t i t i e s  E 

E and E a . / E  according t o  equat ions  (1.1) - 
For t h i s  t h e  va lues  of 

2’ 1’ 2’ 12’ 2 2  i’ 1 
E h x  h x  t a n t ? ,  E 

(1.5) and knowing A o,  A2, ... from the  previous s t e p .  

func t ions  U W and t h e i r  d e r i v a t i v e s  are used, recorded i n  t h e  ope ra t ive  n’ n 
memory of t h e  computer. 
V bounded by t h e  deformed c e l l  is  determined. 

From t h e  same funct ions  t h e  volume o f  t h e  i n n e r  reg ion  

Figure  5 F igure  6 

Since  dur ing  f l e x u r e  of t h e  s h e l l  the stress over  t h e  th ickness  changes, 
t h e  c a l c u l a t i o n s  of E E E and a . /E  must be conducted f o r  a number of 

p o i n t s ,  l o c a t e d  along t h e  normal. I n  the considered example, t h e  th ickness  
w a s  broken up i n t o  t e n  sec t ions .  

l z ’  22’ i 1 

Consequently, 11 p o i n t s  w e r e  obtained.  

The main c h a r a c t e r i s t i c  of t h e  program i s  t h e  c y c l i c  n a t u r e  of i t s  
c o n s t r u c t i o n ,  which i s  necessary f o r  t h e  de te rmina t ion  of p a r t i a l  d e r i v a t i v e s .  
Each of t h e  va r i ed  parameters i s  i n  t u r n  increased  by a quan t i ty  6. 

0’ A23 
I n  o r d e r  t o  f i n d  t h e  quan t i ty  Fn, we c a l c u l a t e  E f o r  parameters A i ..., Bo, .. , of t h e  previous s t e p .  

An w i t h  a l l  o t h e r  parameters  being the  same is  increased  by 

are repea ted .  The d i f f e rence  thus  found between t h e  quan t i ty  E div ided  by 

6 ,  g i v e s  aei/aAn. 

over  t h e  a n g l e  0 w e  f i n d  F 

Following t h i s ,  f o r  example, t h e  q u a n t i t y  

6 ,  and c a l c u l a t i o n s  

i’ 
By car ry ing  ou t  t h e  i n t e g r a t i o n  over t h e  th ickness  and 

( 3 . 4 ) .  n 
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I 

I 

For the  determinat ion of t h e  c o e f f i c i e n t s  i n  t h e  system (4.1) i t  i s  /63 
necessary t o  have d e r i v a t i v e s  of F 

Therefore ,  t h e  program f o r  t h e  determinat ion of t h e  c o e f f i c i e n t  i n  t h e  system 

a mat r ix  a is  obtained.  

By a s s ign ing  the  s t e p  

which are obtained by the  same method. n' 

I (4.1) is cons t ruc ted  by the  "cycle  i n  t h e  cycle" p r i n c i p l e ,  as a r e s u l t  of which 

i j  

AAo - AA/h, we s o l v e  t h e  system (4.1) and f i n d  t h e  

2' 
The parameter of t h e  

inc reases  AA2, AA4, ABo, . . . ,  which a r e  added t o  t h e  previous va lues  of A 

A4, Bo, ..., a f t e r  which w e  proceed wi th  t h e  next  s t e p .  

p re s su re  P i s  determined f o r  each s t e p  from t h e  express ion  (3.5).  Thus, i n  

t he  dimensionless  form a diagram P = f(Ao) i s  cons t ruc ted .  0 
diagram one may s o l v e  t h e  ques t ions  regarding t h e  s u i t a b i l i t y  of t h e  proposed 
s t r u c t u r e .  

0 
Having such a 

I 

Many c a l c u l a t i o n s  have shown t h a t  the l i m i t i n g  state,  corresponding t o  
t h e  m a x i m u m  p re s su re  P ,  is achieved when t h e  i n d e n t a t i o n  A is  of t h e  o rde r  
of 1 - 2 th i cknesses  of t h e  s h e l l ,  i .e. when A 2 1 - 2. 

which i n s u r e s  more than s u f f i c i e n t  t echn ica l  accuracy,  may be  taken of t h e  
o rde r  of 0.05 - 0.1. 
cons t ruc t ion  of one diagram, is  r e l a t i v e l y  s m a l l  (of t h e  order  of 20 - 30 
minutes) .  Thus, i n  a few hours of work one can observe t h e  e f f e c t  of t h e  
p r i n c i p a l  s t r u c t u r a l  parameters:  angle  

f ea the red  edge of t h e  r i b .  The e f f e c t  of t h e  dimensions of t h e  t a p e r  of  t h e  
r i b  on t h e  shape of t h e  diagram is  q u i t e  s i g n i f i c a n t .  

The s t e p  AAo, 0 

Therefore ,  the computer time which is necessary f o r  t h e  

eo, ang le  8 and t h e  th ickness  of  t h e  1 

Figure  5 shows a comparison of t he  ca l cu la t ed  curves ( s o l i d  l i n e s )  w i t h  
the  experimental  curves  (broken l i n e s )  f o r  s h e l l s  w i th  c i r c u l a r  f l a n g e  with- 
ou t  t h e  t a p e r  f o r  t h e  case when p = 0. Each p a i r  of curves  r e f e r s  t o  one of 
t h e  s h e l l s  w i th  t h e  fol lowing va lues  of parameters 

mm is t h e  same f o r  a l l  s h e l l s ) :  1 (2.6 mm, 10"54 ' ) ,  2 (2 mm, 7" lo'), 
3 (1.3 mm, 4"30') ,  4 ( 1 . 7  mm, 1'50'). The e x i s t i n g  d i sc repanc ie s  are r e l a t i v e -  
l y  s m a l l  and q u i t e  permiss ib le  from t h e  pract ical  s tandpoin t .  

h and eo  ( r a d i u s  R = 280 

The c a r r y i n g  ca a c i t y  of s h e l l s  can be convenient ly  c l a s s i f i e d  by means 
of t h e  parameter hes /R. For t h e  above considered s h e l l s  1 ,2 ,3 ,and  4 wi th  

parameter  he /R= 3.4 l ( r 4 , l . 2  * 0.280 0.062 F igure  4 shows 

t h e  l i m i t i n g  loads  as a func t ion  of p re s su re  and t h e  dimensions of t h e  s h e l l .  

0 2 
0 

-4 
F igu re  7 f o r  t h e  s h e l l  w i th  parameter he2,/R = 0.28 10 shows t h e  e f f e c t  * 

of t h e  dimensions of t h e  f l ange  wi th  the  t a p e r  on t h e  quan t i ty  P when p = 0. *O 0 

The p r i n c i p a l  e r r o r  which arises i n  t h e  c a l c u l a t i o n s  of such s t r u c t u r e  i s  
a s s o c i a t e d  w i t h  dev ia t ions  of t h e  condi t ions  along t h e  inne r  per iphery  from t h e  
assumed r i g i d  j o i n t .  
p l i ancy .  

The welded Seam and t h e  i n s e r t  i t s e l f  have a c e r t a i n  
This  l e a d s  t o  p a r t i a l  weakening of t h e  appl ied  bond i n  t h e  most s t r o n g l y  

10  
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s t r o n g l y  deformed zone of t h e  s h e l l  and has a s i g n i f i c a n t  e f f e c t  on t h e  P = f (A).  

The conducted c a l c u l a t i o n s  have 
shown t h a t  i n  t h e  l i m i t i n g  case when 
the s h e l l  is  completely f r e e  from r a d i a l  
stresses on t h e  s i d e  of t h e  i n s e r t ,  bu t  
when clamping i s  preserved.  t h e  va lues  
of co r rec t ed  P are lowered by approxi- 
mately a f a c t o r  of two. 

The e f f e c t  of t h e  magnitude of 
the Poisson c o e f f i c i e n t  w a s  determined. 
The change from t h e  va lue  l.~ = 0.5 t o  
p = 0 . 3  d i d  n o t  have any s i g n i f i c a n t  
e f f e c t  on t h e  shape of t h e  P = f(A) 
diagram. 

F igure  7 
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